Introduction {#sec1}
============

While the commercial application and impact of monoclonal antibodies (mAbs) is immense, the necessary quality and regulatory control associated with the complex manufacturing process poses an impediment to realizing their full potential. Currently there are over 80 licensed mAb therapeutics but only one of those, palivizumab, is used in humans as a passive-immunotherapy against a viral infection.[@bib1]^,^[@bib2] Given the recent emergence of several viral zoonotic diseases, such as those associated with infection by Zika virus, chikungunya virus, or Middle East respiratory syndrome virus, and the potential for outbreaks of pandemic diseases such as influenza or those yet to be identified, there is an urgent need to develop the capacity to respond swiftly to future biothreats. The current manufacturing paradigm includes recombinant immunoglobulin G (IgG) protein production in mammalian cell lines followed by a purification process that must be optimized for each target antibody. These IgG protein products then are qualified rigorously in a series of assays to characterize the many biochemical features that are important for their stability or biological activity.[@bib3] In addition to the resulting long timeline for development of IgG protein drug products, on the order of years, these processes are costly, limiting their use in an outbreak scenario.

A possible solution to these problems is to shift the production of mAbs to the patient's own cells by delivering the desired antibody in the form of cDNA or mRNA molecules encoding the antibody IgG protein. This approach eliminates the protein manufacturing pipeline and instead uses a universal cell-free production and purification process that is independent of the encoded antibody nucleotide sequence.[@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10] However, deploying this strategy faces a major hurdle in that efficient delivery of nucleic acids in patient cells is not achieved with current technologies. While intramuscular (IM) electroporation of plasmid DNA encoding antibody genes has been effective in mice, scaling to larger animals remains a challenge. Also, the requirement for nuclear delivery of inoculated cDNA for subsequent mRNA transcription to occur poses a safety concern due to a possible risk of genome integration.[@bib11] While delivery of DNA via adeno-associated viral (AAV) vectors improves expression in larger animals, both in terms of peak concentrations and duration, the risk of genome integration remains.[@bib12] In addition, AAV-mediated gene delivery faces other challenges related to immunogenicity and anti-vector immunity.[@bib12]

More recently, mRNA has received extensive interest as a means of antibody gene delivery.[@bib1]^,^[@bib13]^,^[@bib14] Advances in formulations have improved mRNA stability and delivery across the plasma membrane into the cytoplasm where protein translation can occur directly, eliminating a dependence on nuclear delivery. To date, most applications of mRNA-encoded antibodies have used an intravenous (i.v.) route of administration, targeting the highly vascularized liver or spleen in which it is easier to achieve the necessary number of transfected cells required for the expression of therapeutic levels of antibody in serum.[@bib4]^,^[@bib7]^,^[@bib15], [@bib16], [@bib17] Disadvantages of i.v. infusions include a prolonged administration time, typically on the order of hours, as well as an estimated 50% higher treatment cost due to hospitalization or infusion center requirements compared to subcutaneous or intramuscular administration[@bib18]. Intramuscular delivery of mRNA-encoded antibodies could enable the rapid distribution of an effective therapy to a population of individuals in an outbreak setting, but this injection route has largely failed in the past, likely due to the limited number of target cells in the inoculation site. To achieve effective expression of antibodies by RNA delivery following intramuscular administration, we used a replicating viral RNA[@bib19] that amplifies the encoded antibody mRNA and antagonizes the innate immune response to allow for improved protein production in transfected cells.

For proof-of-principle studies of this RNA gene-delivery platform, we tested delivery of a human antibody to Zika virus (ZIKV), which has high overall public health importance because of the recent large epidemics of this viral disease.[@bib20], [@bib21], [@bib22], [@bib23] We developed constructs to express a previously described human mAb, ZIKV-117, using alphavirus replicons. ZIKV-117 is a potently neutralizing mAb with broad activity against African and Asian lineages of ZIKV and binds a quaternary interdimer epitope on the viral envelope protein.[@bib24]^,^[@bib25] A recombinant ZIKV-117 mAb previously was shown to protect against lethal viral challenge in both pregnant and non-pregnant mouse models. We recently described the development of a nanostructured lipid carrier (NLC) to mediate non-viral delivery of replicon RNA (repRNA) *in vivo* as an effective strategy for developing a ZIKV vaccine.[@bib26] Here, we adapted this platform to facilitate direct expression of ZIKV-117 mAb *in situ* following intramuscular delivery. We show high levels of mAb expression *in vivo*, which results in protection against lethal ZIKV infection in mice.

Results {#sec2}
=======

Alphavirus Replicon-Based Coding Strategies for the Expression of ZIKV-117 {#sec2.1}
--------------------------------------------------------------------------

Based on previous studies of the optimization of expression of human antibodies from plasmid DNA for *in vitro* manufacturing applications,[@bib27], [@bib28], [@bib29] we initially tested four different strategies in the context of alphavirus repRNA-based expression ([Figure 1](#fig1){ref-type="fig"}A). Given that canonical antibodies are comprised of heavy (H) and light (L) chains ([Figure 1](#fig1){ref-type="fig"}B), it is necessary to express both chains, using either a single open reading frame (ORF) or two separate ORFs ([Figure 1](#fig1){ref-type="fig"}C). We encoded the H- and L-chain-variable regions of ZIKV-117 as (1) a single-chain variable fragment (scFv) or (2) in an IgG1 framework as a single ORF separating the two chains by a furin and thosea asigna virus 2A (T2A) peptide sequence to promote T2A-mediated ribosomal skipping followed by host furin-mediated cleavage of residual T2A amino acids. Alternatively, (3) we used an encephalomyocarditis virus internal ribosomal entry site (IRES) sequence to mediate translation from the second ORF following cap-mediated translation of the first ORF of the same RNA message or (4) we separated the two ORFs onto two separate repRNAs.Figure 1Expression of H and L Chains of ZIKV-117 from an Alphavirus Replicon RNA(A) Replicon RNAs (repRNAs) derived from Venezuelan equine encephalitis virus, vaccine strain TC-83. (B) Schematic of ZIKV-117 human IgG monoclonal antibody with L and H chains depicted in light or dark gray, respectively. (C) Varied strategies for encoding ZIKV-117: a single open reading frame (ORF) separating H and L chains by a furin-T2A site; two ORFs separated by an internal ribosomal entry site (IRES); two ORFs on two separate repRNAs rep repRN; or just the variable regions expressed as an scFv. (D) 50% plaque reduction neutralization test (PRNT50) titers of supernatants harvested 24 h after transfection of BHK cells with 10 or 1 μg of various repRNAs encoding ZIKV-117. Data is representative of two independent experiments. nsP, nonstructural protein; SP, signal peptide; VH, heavy chain variable region; CH, heavy chain constant region; VL, light chain variable region; CL, light chain constant region. Data in (D) is represented as mean ± SD.

We then transcribed and capped these four RNA constructs and, using the NLC formulation previously described, transfected BHK21 cells with 10 or 1 μg of RNA. 24 h later, we harvested and clarified cell supernatants and measured their capacity to neutralize ZIKV in a 50% plaque reduction neutralization test (PRNT~50~; [Figure 1](#fig1){ref-type="fig"}D). Whereas both the 2A and IRES strategies resulted in similar PRNT~50~ titers, the separation of each ORF onto two separate repRNAs did not mediate efficient expression of neutralizing antibody, suggesting either inefficient delivery of both RNA species into the same cell or inefficient co-expression of each ORF in cells receiving both RNA species. The scFv version of ZIKV-117 was expressed more efficiently, with at least ∼2-fold higher neutralizing titers at the 10 μg dose compared to the 2A or IRES strategies. Substantial cell death was observed in the groups receiving 10 μg doses of the T2A, IRES, and two repRNA IgG constructs (data not shown), whereas the same dose of the scFv construct caused less cell death. This factor likely contributes to the expression differences and suggests potential toxicity associated with expression of complete IgG compared to scFvs.

Optimization of IRES and T2A Coding Strategies *In Vitro* and *In Vivo* {#sec2.2}
-----------------------------------------------------------------------

Due to the short *in vivo* half-lives of scFvs and lack of Fc-mediated effector functions, we next focused on optimization of the IgG IRES and T2A strategies to maximize expression. We first evaluated the use of an IRES to drive expression of a second cistron reporter gene by screening seven viral and five cellular IRESs[@bib30], [@bib31], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36] in the context of an upstream antibody H-chain sequence. RepRNA constructs expressing the ZIKV-117 H chain followed by each IRES controlling the expression of nano-luciferase (nLUC) were constructed ([Figure S1](#mmc1){ref-type="supplementary-material"}A). RNA was transcribed, capped, and transfected into BHK21 cells and 16 h later, cells were harvested and assayed for nLUC activity ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Of the viral and cellular IRESs screened, only viral IRESs mediated efficient expression of nLUC (EMCV~min~ and EMCV~opt~, EV71, HCV 374, CrPv).

Given this result, a subset of the viral IRESs was cloned into constructs containing either ZIKV-117 H-chain-IRES-L-chain (H-IRES-L) or L-chain-IRES-H-chain (L-IRES-H) orientations to determine the combined effect of each IRES and chain orientation on antibody expression. We transcribed and capped the RNA, transfected BHK21 cells, and 24 h later, cell supernatants were harvested and IgG was measured using an enzyme-linked immunosorbent assay (ELISA; [Figure S1](#mmc1){ref-type="supplementary-material"}C). The EMCV full-length IRES produced the highest concentrations of IgG in the supernatant. When comparing antibody expression between H-IRES-L and L-IRES-H orientations, higher levels of antibody were expressed when the H chain was located in the first cistron.

We next assessed the use of two alternative signal peptides that reportedly increase antibody expression.[@bib27] These two signal sequences, H7 and H5, were cloned onto the H-EMCV~opt~-L constructs ([Figure S2](#mmc1){ref-type="supplementary-material"}A), and the capped RNA was transfected into BHK21 cells. Cell supernatants were harvested 24 h later and IgG levels were measured by ELISA ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Significant differences were not observed between the signal sequence variants; this finding was confirmed in C57BL/6 mice ([Figure S2](#mmc1){ref-type="supplementary-material"}C).

We next assessed the effect of H and L chain orientation around the IRES or T2A sequences. After generating L-EMCV~opt~-H, H-EMCV~opt~-L, L-T2A-H, and H-T2A-L constructs, which varied only in the relative location of the H and L chains ([Figure 2](#fig2){ref-type="fig"}A), we transfected capped RNA transcripts into BHK21 cells and measured IgG production 24 h later by western blotting of cell lysates and supernatants ([Figure 2](#fig2){ref-type="fig"}B) and ELISA of supernatants ([Figure 2](#fig2){ref-type="fig"}C). The L chain was expressed at higher relative levels than the H chain in the H-EMCV~opt~-L construct in both the cell lysates and supernatants, and this finding correlated with higher IgG concentrations in the supernatant. In contrast, the L-EMCV~opt~-H construct resulted in higher levels of H chain expression in cell lysates but lower IgG concentrations in the supernatants.Figure 2Optimization of H and L Chain Orientation *In Vitro* and *In Vivo*(A) Design of IRES and Furin-T2A antibody constructs to evaluate the effect of H/L chain orientation on expression. See [Figure S1](#mmc1){ref-type="supplementary-material"} for optimization of IRES sequences. The IRES sequence depicted here is an optimized sequence derived from encephalomyocarditis virus (EMCV~opt~). (B) Western blots of BHK cell lysates or supernatants 24 h after transfection with repRNAs encoding variations of ZIKV-117. Recombinant ZIKV-117 IgG protein was used as a positive control. Results are representative of 3 independent experiments. (C) Total IgG ELISAs of supernatants harvested from BHK cells 24 h after transfection with repRNAs encoding variations of ZIKV-117. ∗p \< 0.001 as determined by one-way ANOVA with Tukey's multiple comparison test. Data are representative of 3 independent experiments. (D) Human anti-ZIKV IgG ELISAs of C57BL/6 (n = 8/group) mouse sera harvested at various times after IM administration of nanostructured lipid carrier-formulated repRNA encoding variations of ZIKV-117. Recombinant ZIKV-117 diluted in normal mouse serum was used to generate an absolute standard curve. ∗p \< 0.005 for H-T2A-L compared to all groups and for L-T2A-H and H-EMCV~opt~-L compared to L-EMCV~opt~-H as determined by one-way ANOVA with Tukey's multiple comparison test at the day 7 time point. Data are representative of 2 independent experiments. Data in (C) and (D) are represented as mean ± SD.

To confirm the unexpected observation that the IRES mediated higher levels of downstream ORF expression than the upstream cap-dependent ORF, we cloned nLUC in both orientations as H-EMCV~opt~-nLUC or nLUC-EMCV~opt~-H. Transcribed RNA was capped, transfected into BHK21 cells, and cell lysates were harvested 16 h later for measurement of nLUC activity ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). Expression of nLUC downstream of the IRES in the second cistron was more efficient than cap-dependent expression from the first cistron at each of the doses tested.

In contrast to the IRES strategy, the IgG concentrations in supernatants of cells transfected with the T2A constructs were not affected by the orientation of H and L chains ([Figure 2](#fig2){ref-type="fig"}C). However, the efficiency of furin cleavage of residual T2A amino acids was affected by the upstream sequence. Furin-T2A downstream of the L chain resulted in the production and secretion of a slightly larger L chain, as observed in the western blots of cell lysates and supernatants, respectively. Whereas furin-T2A downstream of the H chain resulted in the production of a slightly larger H chain intracellularly, the supernatant appeared to contain a correctly processed form.

We performed studies in C57BL/6 mice following NLC formulation and intramuscular (IM) delivery of RNA constructs encoding ZIKV-117 mAb. First, we performed a dose escalation study to determine the maximum dose per injection that resulted in an increase in serum concentrations of ZIKV-117 mAb by formulating the RNA in NLC at 11 different RNA concentrations, while maintaining a constant nitrogen-to-phosphate ratio between NLC and RNA. We administered a single 50 μL IM injection to each group of mice (n = 3/group) such that each group received a total dose of 0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, or 25 μg of ZIKV-117 RNA. Mice were bled 5 days after injection, and the ZIKV-117 IgG protein concentration in serum was determined by ELISA ([Figure S4](#mmc1){ref-type="supplementary-material"}). We observed increasing serum concentrations of ZIKV-117 IgG as the dose escalated from 0 to 10 μg, at which point no appreciable gains were observed suggesting a maximum RNA concentration of 200 μg/mL could be administered in a 50 μL injection volume.

Using this maximal dose per injection, we administered each of the four RNA constructs described above via the IM route in C57BL/6 mice (n = 8/group), with each mouse receiving four IM injections of 10 μg RNA for a total dose of 40 μg RNA in a single administration. We collected serum on days 0, 3, 5, 7, 10, 12, and 14 after injection and determined the levels of ZIKV-117 antibody protein by ELISA ([Figure 2](#fig2){ref-type="fig"}D). The L-EMCV~opt~-H construct, which resulted in the lowest expression *in vitro* ([Figure 2](#fig2){ref-type="fig"}C), reached peak serum concentration of 1.19 μg/mL on day 5 post-injection. The H-EMCV~opt~-L and L-T2A-H groups achieved similar levels on day 5 (1.25 and 1.10 μg/mL, respectively), and the H-T2A-L group reached a mean concentration of 1.68 μg/mL on day 5, which was significantly greater than L-EMCV~opt~-H (p = 0.04; [Figure 2](#fig2){ref-type="fig"}D). Peak expression was achieved on day 7 for the H-EMCV~opt~-L, H-T2A-L, or L-T2A-H groups, with mean concentrations of 1.58, 2.61, or 1.52 μg/mL, respectively, compared to the L-EMCV~opt~-H group, which had declined (mean concentration of 0.72 μg/mL) to levels lower than the other groups (p \< 0.002). The H-T2A-L group achieved significantly higher mean antibody concentration (2.61 μg/mL) compared with all other groups (p \< 0.05). Concentrations steadily declined thereafter, and all groups exhibited a serum level of ZIKV-117 close to baseline by 14 days after injection.

RepRNA Mediates Higher Expression of Antibody Compared to Non-Replicating mRNA following IM Administration {#sec2.3}
----------------------------------------------------------------------------------------------------------

We next constructed mRNA versions of ZIKV-117 using the H-T2A-L framework and previously published 5′ and 3′ untranslated regions, to compare repRNA-mediated antibody expression to that of non-replicating mRNA. Furthermore, we transcribed normal, as well as pseudouridine (Ψ)-modified mRNA of each construct, since previous studies demonstrated reduced innate immune stimulation by mRNAs containing pseudouridine that was associated with higher levels of protein expression.[@bib37]^,^[@bib38] Following transcription and capping, 40 μg of each RNA was formulated with NLC and delivered via IM injection in C57BL/6 mice, and serum was harvested on days 0, 3, 5, 7, and 10 to measure ZIKV-117 concentration by ELISA ([Figure 3](#fig3){ref-type="fig"}). RepRNA-mediated ZIKV-117 expression achieved between 17- to 32-fold higher serum concentrations of ZIKV-117 than mRNA with or without pseudouridine over the course of the experiment. Additionally, pseudouridine-modified mRNA did not improve antibody expression following IM administration. For reasons that remain unclear, pseudouridine-modified repRNA was non-functional, resulting in lack of detectable ZIKV-117 antibody in the serum of mice.Figure 3Comparison of repRNA and Non-Replicating mRNA *In Vivo* following IM AdministrationC57BL/6 mice (n = 5/group) were injected IM with 40 μg NLC-formulated repRNA or non-replicating mRNAs, or with their pseudouridine (Ψ)-modified counterparts, each encoding ZIKV-117. ZIKV-117 concentration then was measured by ELISA in sera collected 0, 3, 5, 7, or 10 days after injection. ∗p \< 0.0001 between repRNA and all other groups at all time points except day 0 as determined by two-way ANOVA with Bonferroni's multiple comparison test. Differences between mRNA and mRNA^Ψ^ were not significant at all time points. Data are representative of 2 independent experiments.

Rapid Protection against ZIKV Infection in Immunocompromised Mice Is Conferred by repRNA-Encoded ZIKV-117 Antibody {#sec2.4}
------------------------------------------------------------------------------------------------------------------

Although the H-T2A-L construct mediated the highest overall expression of ZIKV-117 *in vivo* ([Figure 2](#fig2){ref-type="fig"}D), we opted to evaluate the efficacy of the H-EMCV~opt~-L in the context of repRNA expression using *in vivo* studies. The western blotting data suggested residual furin-T2A amino acids were present on the C terminus of the H chain in cell lysates ([Figure 2](#fig2){ref-type="fig"}B), which we reasoned might evoke an unintended immune response against the antibody. To evaluate efficacy of the H-EMCV~opt~-L repRNA construct, hereafter called ZIKV-117 repRNA, we used a previously described lethal challenge model of ZIKV infection wherein a mouse-adapted (MA) strain of ZIKV (strain Dakar 41525) is combined with a single-dose antibody (MAR1-5A3[@bib39]) blockade of type I interferon receptor (IFNAR1) to produce a lethal outcome in C57BL/6 mice.[@bib40] We first applied this model to assess prophylactic efficacy of ZIKV-117 repRNA. C57BL/6 mice were given 2 mg of anti-IFNAR1 antibody and administered 40 μg of either ZIKV-117 repRNA or a non-specific repRNA using the same H-EMCV~opt~-L framework but encoding an influenza virus-specific human antibody directed to hemagglutinin (5J8), via IM injection 1 day before challenge with 10^3^ focus-forming units (FFU) of ZIKV-MA ([Figure 4](#fig4){ref-type="fig"}A). Mice then received an IM treatment of 40 μg ZIKV-117 or influenza virus-specific mAb 5J8 repRNA beginning at 1 ([Figures 5](#fig5){ref-type="fig"}A--5D) or 3 days ([Figures 5](#fig5){ref-type="fig"}E--5H) after virus inoculation. Mice were bled 1 day later to measure serum antibody concentration by ELISA ([Figures 5](#fig5){ref-type="fig"}B and 5F) and ZIKV viremia by qRT-PCR ([Figures 5](#fig5){ref-type="fig"}C and 5G). Mice were followed for survival over 21 days ([Figures 5](#fig5){ref-type="fig"}D and 5H). The mean antibody concentrations in mice receiving ZIKV-117 or influenza virus-specific 5J8 repRNA therapy at day +1 after infections (2 days after infection and 3 days after MAR1-5A3 treatment) was 0.8 μg/mL and 0.6 μg/mL, respectively ([Figure 5](#fig5){ref-type="fig"}B). All mice in ZIKV-117 repRNA group were protected against detectable viremia (limit of detection = 1,000 FFU equivalents/mL; [Figure 5](#fig5){ref-type="fig"}C) and death ([Figure 5](#fig5){ref-type="fig"}D), whereas the influenza virus-specific mAb 5J8 repRNA control group experienced viremia (mean of 2.7 × 10^5^ FFU/mL) and an 80% mortality rate. However, the cohort receiving ZIKV-117 repRNA therapy 3 days after infection had a mean human IgG concentration of 0.05 μg/mL, compared to the 5J8 control group which exhibited mean human IgG concentration of 0.1 μg/mL, 1 day after treatment (4 days after infection and 5 days after anti-IFNAR1 treatment; [Figure 5](#fig5){ref-type="fig"}F), both of which did not protect against viremia or mortality ([Figures 5](#fig5){ref-type="fig"}G and 5H). This decrease in human antibody concentration between studies is likely due to difference in ZIKV load at the time of repRNA therapy combined with increasing time from IFNAR1 blockade. The decrease in 5J8 antibody concentration can be explained by the latter, whereas the more pronounced decrease of ZIKV-117 can be explained by both factors.Figure 4Rapid Prophylactic Protection against Lethal ZIKV Challenge(A) Outline of experimental design C57BL/6 mice received i.p. injection of MAR1-5A3 antibody followed by IM administration of 40 μg of ZIKV-117 RNA. (B and C) 1 day later, mice were challenged by footpad injection with 10^3^ FFU of mouse-adapted ZIKV and serum was harvested 2 days later to assess: (B) antibody concentration by ELISA and (C) viremia by qRT-PCR of extracted RNA. ∗p \< 0.001 as determined by two-tailed t test. (D) Mice were monitored daily for survival until the end of the study. ∗p = 0.008 as determined by Mantel-Cox test. Results are combined from three independent experiments (n = 17 mice/group). Data in (B) and (C) are represented as mean ± SD.Figure 5Therapeutic Protection against Lethal ZIKV Challenge(A or E) Outline of experimental design. C57BL/6 mice received i.p. injection of MAR1-5A3 antibody, and 1 day later, were challenged by footpad injection with 10^3^ FFU of mouse-adapted ZIKV. (A--H) Mice then received IM administrations of 40 μg of ZIKV-117 RNA either 1 (A--D) or 3 (E--H) days after RNA administration. 1 day later, serum was harvested to assess antibody concentration by ELISA (B or F), as well as viremia by qRT-PCR of extracted RNA (C or G). ∗p = 0.0019 as determined by two-tailed t test. Mice were monitored daily for survival (D or H) until the end of the study. ∗p = 0.0004 as determined by Mantel-Cox test. Results are combined from three independent experiments (n = 18 mice/group). Data in (B), (C), (F), and (G) are represented as mean ± SD.

Rapid Protection against ZIKV Infection in Mice Is Conferred by repRNA-Encoded ZIKV 117 Antibody Produced under Conditions of an Intact IFN Immune Response {#sec2.5}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

To quantify the effect of IFNAR signaling on repRNA-mediated antibody expression, we evaluated ZIKV-117 repRNA expression kinetics in C57BL/6 mice receiving IM injections of 40 μg ZIKV-117 repRNA 1 day after mock or anti-IFNAR1 pre-treatment ([Figure S5](#mmc1){ref-type="supplementary-material"}). We observed a 3- to 5-fold enhancement of antibody expression by repRNAin the presence of IFNAR1 blockade. To determine whether protection was dependent on the enhanced repRNA propagation when IFN signaling was attenuated, we evaluated whether repRNA-mediated expression of ZIKV-117 in the absence of IFNAR1 blockade could mediate protection against lethal ZIKV challenge. Given peak antibody concentrations observed between 5 and 7 days after injection of repRNAs and subsequent decline in immunocompetent mice ([Figure 1](#fig1){ref-type="fig"}D), we reasoned that the enhancing effects of IFNAR1 blockade on repRNA-mediated mAb expression would be minimal at 5 or 7 days after repRNA injection. This factor allowed us to evaluate whether antibodies expressed prior to IFNAR1 blockade could mediate protection during the immunocompromised state required for lethal endpoints in this mouse challenge model of ZIKV. In contrast to the above efficacy studies, we used an alternative and previously described[@bib41] IFNAR1-blockade model of lethal ZIKV infection with the wild-type (WT) ZIKV Dakar strain 41525 (parental to ZIKV-MA described above) with additional low-dose MAR1-5A3 antibody administrations on days 1 and 4 after ZIKV inoculation. Using this model, two cohorts of mice (n = 8/group) were injected IM with 40 μg of ZIKV-117 RNA on either day −7 ([Figures 6](#fig6){ref-type="fig"}A--6E) or day −5 ([Figures 6](#fig6){ref-type="fig"}F--6J). Then, anti-IFNAR1 antibody was administered on days −1 and 0, and mice were bled to determine ZIKV-117 IgG concentrations immediately before challenge with 10^5^ PFU of ZIKV. Additional doses of anti-IFNAR1 antibody were administered on days +1 and +4, and mice were bled to measure viremia and followed for body weight change and survival for 15 days. ELISA results from serum obtained at day 0 confirmed similar ZIKV-117 concentrations as seen in immunocompetent mice, with mean serum IgG concentration of 1.28 μg/mL from the day −7 cohort ([Figure 6](#fig6){ref-type="fig"}B; compared to 1.58 μg/mL in [Figure 1](#fig1){ref-type="fig"}D), and 1.45 μg/mL from the day −5 cohort ([Figure 6](#fig6){ref-type="fig"}G; compared to 1.25 μg/mL in [Figure 1](#fig1){ref-type="fig"}D). These levels of ZIKV-117 IgG were sufficient to reduce viremia ([Figures 6](#fig6){ref-type="fig"}D and 6I) and protect against weight loss ([Figures 6](#fig6){ref-type="fig"}C and 6H) and death ([Figures 6](#fig6){ref-type="fig"}E and 6J).Figure 6ZIKV-117 Expressed in the Absence of IFNAR Blocking Protects(A or F) Outline of experimental design. (A--J) C57BL/6 mice (n = 8/group) received IM administration of ZIKV-117 RNA 7 (A--E) or 5 (F--J) days before ZIKV challenge. Mice received i.p. injection of MAR1-5A3 antibody 1 day before then 1 and 4 days after challenge. On the day of challenge, mice were bled to assess antibody concentration by ELISA and (B) then challenged by i.p. injection with 10^5^ PFU of WT ZIKV. Serum was harvested 4 days after challenge to measure viremia by plaque assay (D or I). ∗p \< 0.0001 and ∗∗p = 0.007 as determined by two-tailed t test. Mice were monitored daily for weight loss and survival (C and E or H and J) until the end of the study. ∗p \< 0.0001 and ∗∗p = 0.009 as determined by Mantel-Cox test. Data are representative of 2 independent experiments. Data in (B), (D), (G), and (I) are represented as mean ± SD.

Discussion {#sec3}
==========

mAb countermeasures are a major strategy in the treatment and prevention of disease. Recently, the mAb therapy field has shifted toward optimization of formulations for subcutaneous delivery after evidence that a change from i.v. infusions to subcutaneous injections of trastuzumab and rituximab reduced costs and burden on the healthcare system and was preferred by patients.[@bib42], [@bib43], [@bib44], [@bib45] Given the emerging role of mRNA gene delivery in mAb therapeutics, we aimed to develop an alternative mRNA strategy that could be administered by the IM route to avoid challenges associated with the i.v. route of administration. Furthermore, there is a need to optimize mRNA-mediated antibody gene delivery platforms for less complex routes of administration to facilitate deployment during epidemics to control outbreaks of emerging infectious diseases.[@bib46]

Of the six studies on mRNA-encoded antibodies reported to date, five used i.v.[@bib4]^,^[@bib7]^,^[@bib15], [@bib16], [@bib17] and one used intratracheal (IT) aerosol[@bib6] routes of delivery. The i.v. route method primarily delivers mRNA to the liver and spleen to mediate expression of the encoded antibody, whereas the IT route can achieve local expression of antibody in the lung. The liver is an attractive target tissue for mRNA-mediated expression efforts when high serum concentration of antibody is needed, because the liver has an extensive vascular network that provides access to a large number of target cells. Alternatively, if only local expression of antibody is necessary to mediate protection at the site of infection, the number of target cells may not be a critical limiting factor. Since IM administration likely delivers mRNA to a limited number of target cells, we focused on maximizing protein secretion on a per-cell basis to achieve protective serum IgG protein concentrations. We used alphavirus-derived repRNAs, which combine self-amplification of an mRNA message encoding the antibody sequence with co-expression of viral genes that antagonize the host innate immune response.[@bib47], [@bib48], [@bib49], [@bib50] Additionally, with a rapid-response application in mind, we used a nanostructured lipid carrier[@bib26] to allow for independent manufacturing of the delivery formulation and target RNA, such that a stockpiled formulation could be mixed at bedside with an RNA encoding a mAb to any target prior to IM administration. In contrast to lipid nanoparticles (LNPs), which encapsulate the target RNA and require co-manufacturing of each component, NLCs bind RNA to the surface upon simple admixing.

To further improve antibody secretion from repRNA-transfected cells, we performed a series of optimization experiments, first identifying optimal signal peptides, and then screening a variety of IRES sequences in the context of repRNA-mediated expression, and finally assessing the effect of H- and L-chain orientation around the IRES or T2A intergenic sequences. While improvements between mAb ZIKV-117 repRNA constructs *in vivo* were modest (about 4-fold), we achieved serum antibody concentrations as high as 3.4 μg/mL in immunocompetent mice following IM injection, which was sufficient to protect against death. Furthermore, 100% of mice were protected when RNA was administered 7, 5, or 1 day before and up to 1 day after challenge. Due to a growing number of reports on nucleic acid-encoded antibodies, it is worth discussing three major observations in our studies within the context of previous publications on antibodies encoded in plasmid DNA, non-replicating mRNA, and repRNA RNA, including the optimization of bicistronic constructs, the use of two monocistronic constructs, and the targeting of muscle versus liver tissue.

First, in the optimization of bicistronic expression of heterodimers of H and L chains in the context of plasmid DNA, others have established that cap-mediated translation of the L chain followed by IRES-mediated translation of the H chain (L-EMCV-H) resulted in optimal secretion of IgG from Chinese hamster ovary cells *in vitro*, resulting in a 3.8-fold improvement compared to the opposite orientation (H-EMCV-L).[@bib28] This finding was expected given the requirement for L-chain-dependent folding of H chain and secretion of IgG monomer,[@bib51] coupled with previous reports that IRES-mediated translation is less efficient than cap-mediated translation;[@bib52] expression of excess L chain is favorable for IgG secretion.[@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58] However, the same finding was not observed in the context of repRNA-based expression where IRES-mediated translation was more efficient than cap-mediated translation of the upstream ORF. In this case the H-EMCV-L orientation resulted in higher peak antibody secretion *in vitro* and *in vivo*, correlating with higher expression of the L chain. This finding could be due to early IRES-mediated translation of the downstream antibody ORF directly from the repRNA genome prior to subgenomic RNA transcription-dependent expression of the upstream antibody ORF, which occurs later in the replication cycle of alphavirus repRNAs. Alternatively, alphaviruses replicate in host lipid-derived spherules where high concentrations of host and viral factors may favor IRES- rather than cap-mediated translation.[@bib59]

Second, we were unable to express functional antibody *in vitro* upon co-transfection of two repRNAs independently encoding the H and L chains, while it has been established that plasmid DNAs or non-replicating mRNAs encoding each chain separately mediate very efficient expression of functional antibody. This finding may be due to differences in delivery formulation. Previous studies generally have used electroporation or LNPs, respectively, which could mediate efficient co-delivery of each DNA or RNA species into the same cell. In contrast, the specific conditions we used with NLC for co-transfection of two repRNA species may not have achieved efficient co-transfection. Alternatively, differences between replicating and non-replicating mRNA and DNA could explain this discrepancy. Due to the virus-like nature of repRNA, other mechanisms could be at play that inhibit the formation of monomeric IgG when each chain is encoded on a separate repRNA, such as competition between repRNAs within the same cell or host responses including endoplasmic reticulum (ER) stress.[@bib60] As described in the results above, we did observe significant cell death in the high dose *in vitro* transfections of the IRES, T2A, and 2 repRNA constructs, while little to no cell death was observed for the scFv construct at the same dose. Perhaps expression of the H chain in the absence of, or out-of-synchrony with, expression of L chain triggers cell death via ER stress due to accumulation of H chains in the ER.[@bib61]^,^[@bib62] Given a dependence on L chain for secretion, H chains polymerize and sequester chaperone proteins that are involved in ER-stress signaling, such as binding immunoglobulin protein (BiP).[@bib61]^,^[@bib63], [@bib64], [@bib65] We are currently investigating the role of ER stress on repRNA-mediated secretion of antibodies from muscle cells.

Targeting muscle tissue for antibody expression poses challenges including adequate number of target cells and suitability of this cell type for secretion of large quantities of antibodies. While antibody-RNA applications mediating protection following IM administration have not been reported to date, a number of applications of plasmid DNA for *in vivo* expression of antibodies have been successful following IM electroporation. Earlier reports of IM electroporation of 100 μg plasmid DNA encoding dengue[@bib66] or chikungunya[@bib9] virus-specific antibodies achieved serum concentrations between 1 and 2 μg/mL. To facilitate electroporation of more target muscle cells, we pre-administered hyaluronidase with plasmid DNA to achieve better dispersal of the injection volume, resulting in serum antibody concentrations between 2 and 6.2 μg/mL following a 10 μg dose of DNA encoding either an antibody specific for influenza virus or ebolavirus.[@bib8] A recent study combined hyaluronidase with a larger (200 μg) dose of DNA and achieved peak ZIKV serum antibody concentrations on day 14 after inoculation of 27 μg/mL in C57BL/6 mice.[@bib5] In contrast, we achieved between 1.2 to 3.4 μg/mL serum IgG levels following a 40-μg repRNA dose split into 4 IM injections without electroporation, to reach more target cells. We plan to evaluate the use of hyaluronidase as a means to increase the maximum dose per injection.

Our experiments suggest that repRNA offers an advantage over modified or unmodified non-replicating mRNA after IM delivery, resulting in over 30-fold increase in serum concentrations of antibody. Additionally, pseudouridine-modified mRNA did not improve antibody expression *in vivo* compared to unmodified mRNA, in contrast with other studies demonstrating improved translation using the former approach. However, a number of factors differ between studies including the type of encoded transgene, the route of administration, and method of formulation. Most studies reporting large increases in translation due to pseudouridine-modifications did so using intracellular reporter genes such as luciferase or green fluorescent protein,[@bib37]^,^[@bib67]^,^[@bib68] which are less likely to induce ER stress-related shutdown of gene expression. For studies that did evaluate the effect of pseudouridine modification on protein secretion, those reporting enhancement did so within the context of dendritic cell transfections *in vitro*[@bib68] or following intraperitoneal (i.p.) injection *in vivo* with the same formulation.[@bib38] In contrast, those reporting no enhancement or reduction in protein secretion *in vivo* associated with pseudouridine modification did so using LNP formulation and i.v. injection[@bib69] or using TransIT formulation and i.p.injection.[@bib70] We used IM injection of NLC-formulated modified or unmodified mRNA and did not observe an improvement in antibody secretion into the serum of mice nor any difference in expression kinetics.

Although a repRNA strategy offers advantages over non-replicating mRNA for expression of antibodies following IM administration, significant improvements in protein secretion may still be needed for optimal expression in larger animals. While we were able to demonstrate protection in mice when repRNA was administered before the enhancing effects of IFNAR1-blockade, 7 or 5 days prior to challenge, protection following RNA administration 1 day before or after challenge was facilitated by temporary blockade of IFNAR1, with waning antibody concentrations observed when RNA was administered 3 days after challenge (4 days after IFNAR1 blockade), resulting in no protective efficacy. The latter observation is likely due to administration of repRNA at a later time following IFNAR1 blockade combined with increasing ZIKV viremia depleting the amount of measurable ZIKV-117 antibody. However, the observation that mice receiving IFNAR1 blockade 1 day prior to IM injections with ZIKV-117 repRNA exhibited relatively high concentrations of ZIKV-117 (e.g., 7.5 μg/mL), indicates that muscle cells can achieve high levels of protein secretion. The presence of intact type I IFN signaling presumably restricts the replication and translation steps of repRNA-mediated gene expression, which limits antibody levels. We are actively pursuing genetic strategies that modify the repRNA to antagonize innate immunity more effectively and augment protein secretion and IgG accumulation from muscle cells.

In summary, we have optimized the expression of human IgG from repRNA to enable production of protective levels in mice following intramuscular administration from 7 days before and up to 1 day after viral challenge. If we can successfully translate this approach into larger animals and eventually humans, it may become possible to deploy inhibitory antibodies in response to epidemics. Of course, such an approach requires a complementary, rapid antibody discovery platform against emerging pathogens, many of which are under active development.

Materials and Methods {#sec4}
=====================

Cells and Viruses {#sec4.1}
-----------------

293T, BHK21, and Vero cells (American Type Culture Collection, Rockville, MD, USA) were maintained at 37°C in 5% CO~2~ in Dulbecco's minimal essential medium (DMEM) containing 10% (vol/vol) heat-inactivated fetal bovine serum (FBS), sodium pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100 μg/mL). All cell lines were prescreened for mycoplasma contamination. Propagation of ZIKV-MA (GenBank: MG758786.1), a mouse-adapted isolate of ZIKV strain Dakar 41525 mouse (Senegal, 1984; GenBank: [KU955591](ncbi-n:KU955591){#intref0010}), as well as parental ZIKV Dakar 41525, and ZIKV FSS13025, was described previously.[@bib26]^,^[@bib40] Briefly, ZIKV stocks were propagated in Vero cell monolayer cultures, and cell supernatants were harvested 66 to 72 h after inoculation. Virus stocks were titrated by focus forming assay (FFA) or plaque assay on Vero cell monolayers, aliquoted, and stored at −80°C until use.

Plasmid Constructs {#sec4.2}
------------------

A plasmid encoding the Venezuelan equine encephalitis virus (strain TC-83) under the control of a T7 promoter (pT7-VEE-Rep) was described previously.[@bib26] All cloning steps below used a Gibson assembly method with 40-bp homologous overlaps (SGI-DNA). ZIKV-117 (IgG1 isotype) with T2A or IRES DNA sequences was synthesized using gblocks (IDT) and cloned between PflFI and SacII sites of pT7-VEE-Rep. For screening of various IRES sequences, a fragment encoding H chain nanoluciferase was synthesized with 2 BspQI restriction sites between the 2 genes for universal insertion of heterologous sequences. This fragment was inserted between the PflFI and SacII of pT7-VEE-Rep. Synthesized IRES sequences then were inserted between the BspQI sites. For the mRNA control plasmids, a fragment encoding a T7 promoter, genes encoding ZIKV-117 antibody flanked by previously described 5′ and 3′ UTRs and a poly(A) tail was inserted between MluI and NotI sites of pT7-VEE-Rep, replacing the entire VEE-Rep sequence.

RNA *In Vitro* Transcription and Capping {#sec4.3}
----------------------------------------

To generate linear templates for RNA transcription, we cut repRNA or mRNA plasmid DNA by restriction digest using NotI or BspQI enzymes (New England Biolabs), respectfully, and purified using phenol-chloroform extraction and sodium acetate precipitation. RNA was transcribed using T7 polymerase, RNase inhibitor, pyrophosphatase enzymes (Aldevron), and reaction buffer. RNA transcripts were capped with vaccinia virus capping enzyme using GTP and S-adenosyl-methionine (New England Biolabs) as substrates to create a cap-0 structure. RNA was purified using LiCl precipitation. To generate pseudouridine-modified RNAs, was replaced 100% of uridine with pseudouridine in the reaction mixture and transcribed and capped as described above.

Formulation Production {#sec4.4}
----------------------

The NLC nanoparticle formulation was manufactured as previously described.[@bib26] The oil phase is composed of squalene (the liquid-phase of the oil core), glyceryl trimyristate (Dynasan 114; the solid-phase of the oil core), a non-ionic sorbitan ester surfactant (sorbitan monostearate \[Span 60\]), and the cationic lipid DOTAP (N-\[1-(2,3-Dioleoyloxy)propyl\]-N,N,N-trimethylammonium chloride). The aqueous phase is a 10 mM sodium citrate trihydrate buffer containing the non-ionic PEGylated surfactant Tween 80. Separately, the two phases were heated and equilibrated to 60°C in a bath sonicator. Following complete dissolution of the solid components, the oil and aqueous phases were mixed at 5,000 rpm in a high-speed laboratory emulsifier (Silverson Machines) to produce a crude mixture containing micron-sized oil droplets. Further particle size reduction was achieved by homogenization in a M-110P microfluidizer (Microfluidics). The crude mixture was processed at 30,000 psi for ten discrete microfluidization passes. The final pH was between 5.5 and 6.0. Formulations were filtered with a 0.2 μm polyethersulfone membrane syringe filter and stored at 2°C to 8°C. RNA was complexed with NLC at a nitrogen-to-phosphate ratio of 5, diluting NLC in 10 mM citrate buffer and RNA in a 20% sucrose solution and complexing on ice for 30 min prior to use.

Nanoluciferase Assays {#sec4.5}
---------------------

Candidate RNAs were serially diluted, complexed with lipofectamine 2000 using the manufacturer's instructions, and added to white 96-well plates. BHK cells then were added to each well, and 16 to 24 h after transfection, Nano-Glo Luciferase Assay Reagent (Promega) was added to each well, and luminescence was measured.

Virus Neutralization Assays {#sec4.6}
---------------------------

Fifty percent plaque-reduction neutralization tests (PRNT~50~) were performed on Vero cell monolayers as previously described[@bib71] using the Cambodian ZIKV strain FSS 13025 as the control virus. Briefly, ZIKV FSS 13025 (200 PFU) was mixed with serial dilutions of heat-inactivated serum in DMEM containing 1% FBS. Samples then were incubated at 37°C for 1 h, transferred to 90% confluent monolayers of Vero cells in 6-well plates (Costar), and incubated at 37°C for 1 h. An overlay containing 1% agarose in DMEM with 1% non-essential amino acids, 1% L-glutamine, and 1% gentamycin then was pipetted into each well, and plates were incubated for 3 days at 37°C. Cells were fixed in 10% formaldehyde, and plaques visualized following crystal violet staining.

ELISAs {#sec4.7}
------

The amount of human mAb in serum was detected using a capture ELISA with a standard curve of recombinant anti-ZIKV mAb ZIKV-117 or an IgG1 isotype-matched control anti-influenza mAb, 5J8. Briefly, plates were coated with 2 μg/mL of goat anti-human kappa or goat anti-human lambda antibodies cross-absorbed against mouse IgG at 4°C overnight. Plates were blocked using 2% BSA in PBS for 1 h at 37°C and then incubated for 1 h at 4°C with serial dilutions of heat-inactivated mouse serum in parallel with a serial dilution of a known quantity of ZIKV-117 hIgG1 protein. After washing, bound antibody was detected using HRP-conjugated goat anti-human Fc multiple species cross-absorbed (1:2,000; Southern Biotech) for 1 h at 4°C. Plates were developed using TMB substrate (Thermo Fisher Scientific), and the reaction was stopped with H~2~SO~4~. ELISA plates were read using a TriBar LB941 plate reader (Berthold Technologies). The optical density values from the known quantity of ZIKV-117 hIgG1 were fitted to a standard curve and compared to the optical density values of serum to determine the concentration of ZIKV-117 hIgG1.

Viremia Measurements {#sec4.8}
--------------------

Blood was drawn from ZIKV-infected mice at various time points, allowed to clot at room temperature, and serum was separated by centrifugation. Viral RNA was isolated using the 96-well Viral RNA kit (Epigenetics), as described by the manufacturer. ZIKV RNA levels were determined by TaqMan one-step quantitative reverse transcriptase PCR (qRT-PCR), as described previously[@bib72]. A published primer set[@bib72] was used to detect ZIKV RNA: forward 5′-CCACCAATGTTCTCTTGCAGACATATTG-3′; reverse 5′-TTCGGACAGCCGTTGTCCAACACAAG-3′; Probe 5′-/56-FAM/AGCCTACCT/ZEN/TGACAAGCAGTC/3IABkFQ/-3′ (Integrated DNA Technologies). For quantification of infectious ZIKV in serum, virus titer was determined by plaque assay as follows: serial dilutions of serum were added to 90% confluent monolayers of Vero cells in 6-well plates (Costar) and incubated at 37°C for 1 h. An overlay containing 1% agarose in DMEM with 1% non-essential amino acids, 1% L-glutamine, and 1% gentamycin then was pipetted into each well, and plates were incubated for 3 days at 37°C. Cells then were fixed in 10% formaldehyde, and plaques were visualized following crystal violet staining.

Mouse Studies {#sec4.9}
-------------

All animal studies were approved by the Infectious Disease Research Institute or Washington University School of Medicine (assurance number A3381-01) Institutional Animal Care and Use Committee. The facility where animal studies were conducted is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, International and follows guidelines set forth by the Guide for the Care and Use of Laboratory Animals, National Research Council, 2011. Blood was obtained as approved by cheek or retro-orbital bleeding. Virus inoculations were performed under anesthesia that was induced and maintained with ketamine hydrochloride and xylazine, and all efforts were made to minimize animal suffering. Mice were non-specifically and blindly distributed into respective groups. WT female C57BL/6 mice (4 weeks of age) were purchased from Jackson Laboratory or Charles River. For studies involving ZIKV challenge, mice were treated with 2 mg of an IFNAR1-blocking antibody (MAR1-5A3, Leinco Technologies) by i.p. injection 1 day before virus inoculation, and in some cases (as indicated in the figure legends) additional 0.5 mg doses of anti-IFNAR1 were administered 1 and 4 days after ZIKV inoculation. Mice were inoculated with 40 μg of RNA using by an IM route (into each quadricep and hamstring muscle groups) with four injections of 50 μL of RNA/NLC complex per injection. For most ZIKV infections, mice were inoculated by a subcutaneous (via footpad) route with 10^3^ FFU of ZIKV-MA in a volume of 30 μL of PBS. In other studies, mice were inoculated via i.p. route with 10^5^ PFU of parental ZIKV strain Dakar 41525. For survival studies, mice were monitored for 21 days.

Data Analysis {#sec4.10}
-------------

Statistical analysis was performed using GraphPad Prism software (version 7.0c) and RStudio (version 0.99.491). Data distribution and variance were evaluated for normality and similarity with or without transformation by qqplot and boxplot analyses. One-way and two-way ANOVAs with Tukey's and Bonferroni's multiple comparison tests, as well as Mann-Whitney and log-rank tests, were used, as described in the figure legends.
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